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Nanometric metallic particles were prepared on top of a thin epitaxial oxide layer. Samples with the
following structure: Fe electrode/MgO/Fe particles were fabricated and the arrangement of the Fe
particles could be tuned from random to self-aligned by simply varying the thickness of the Fe
electrode. Under appropriate deposition conditions, the particles were found to be self-aligned along
the 110 directions of the underlying Fe electrode. Scanning tunneling microscope STM showed
that their mean diameter and size distribution were then significantly reduced compared to randomly
organized particles. Transmission electron microscope TEM images indicated that the
self-alignment process originates from the strain relaxation of the Fe electrode which favors faceting
of its surface and the formation of pyramidal structures. These self-aligned particles may be
straightly used for applications based on a thin oxide tunnel barrier such as single-electron tunneling
devices. © 2005 American Institute of Physics. DOI: 10.1063/1.2000339
Self-assembly is a promising phenomenon for a wide
range of applications. In the last decades, it has been used in
research areas such as quantum-dots based lasers,1 ultrahigh
density magnetic recording media,2 single-electron tunneling
SET.3,4 Different techniques such as solution phase chemi-
cal synthesis2,5 or strain-induced growth6 have been used up
to now to prepare self-organized particles. On the other hand,
electrode/oxide/particles structures, which allow the injec-
tion of an electrical current into the particles through the thin
oxide barrier, play a major role in numerous actual devices
single electron transistor,3 nanocrystal memory,7 for ex-
ample. But the insertion of self-organized particles in such
devices has scarcely been studied. Black et al.8 previously
reported results of transport measurement performed in self-
organized Co particles. The current flowed in the plane of the
particles and no typical effect such as Coulomb staircase was
observed, probably due to multiple current paths or to the
fact that in order to be observed, these effects require a re-
sistance asymmetry9 which was absent from the studied sys-
tem. Since the current-perpendicular-to-the-plane CPP ge-
ometry proved to be more suitable for the measurement of
both Coulomb staircase and tunnel magnetoresistance
TMR oscillations,10,11 we prepared self-organized particles
on top of a MgO epitaxial tunnel barrier.
In this letter, we report how the surface morphology of
the bottom electrode of a CPP structure can be controlled by
means of its thickness. Under appropriate conditions, this
surface exhibits facets which can be used as a template for
the self-alignment of particles on a thin oxide layer.
Our samples were prepared by MBE on commercial pol-
ished MgO 001 substrates. The structure of our samples is
as follows: MgO001 / /MgO, 20 nm/Fe, telec nm/MgO,
0.7 nm/Fe, 0.3 nm, in which the first Fe layer plays the role
of an electrode for current injection, and the 0.7 nm thick
MgO layer acts as a tunnel barrier in order to get electrically
insulated Fe particles. All the layers were deposited at room
temperature see Ref. 12 for more details about sample
preparation and structure. In a previous paper,13 such
samples including randomly distributed particles corre-
sponding to a 20 nm thick Fe electrode proved to be suitable
for single electron tunneling experiments in CPP geometry.
Keeping in mind the applications for single-electron-
tunneling, we will now refer to the first Fe layer as the bot-
tom electrode.
The preparation of Fe bottom electrodes with different
thicknesses telec, and the observation of the corresponding
RHEED patterns clearly revealed a transition from a three-
dimensional Volmer-Weber growth mode to a two-
dimensional growth when the thickness is increased. This
transition due to the coalescence of the Fe islands14 is ob-
tained for thicknesses between 6 and 12 nm and is charac-
terized by RHEED patterns exhibiting chevron-shaped
streaks characteristic of a faceted structure see Fig. 1.
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FIG. 1. Color online RHEED pattern of a 8 nm thick Fe electrode along its
100 azimuth.
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To elucidate the structure of such faceted Fe surfaces in
real space, a sample with the structure MgO001 / /MgO,
20 nm/Fe, 8 nm was prepared and observed by scanning
tunneling microscopy STM. Figure 2 shows a characteristic
image of this surface. The Fe layer appears to be made of a
continuous layer, which ensures electrical contact for the
STM experiments, covered by self-aligned structures along
the Fe 110 directions 110 or 11¯0 depending on the
zone observed by STM. Such self-aligned structures were
previously reported by Subagyo et al.15 but were found to
depend strongly on the substrate and its preparation condi-
tions probably due to different impurity concentrations.
However, in our experiments, no complex preparation proce-
dure of the substrate was required for self-organization and
the matter of impurities and its consequences on Fe growth
are ruled out by the deposition of a MgO buffer layer. Fur-
thermore, we found that annealing the Fe bottom electrode
layer at 400 °C for 5 min reduced the long-range roughness
without destroying the self-organized structures.
Due to the convolution effect between the STM tip and
the Fe surface, the exact shape of the self-aligned structures
is difficult to deduce from the STM images. We therefore
prepared samples for observation by transmission electron
microscopy. These samples have the following structure:
MgO, 20 nm/Fe, 8 nm/MgO, 20 nm, where the last MgO
layer is used to prevent oxidation in air of the Fe layer during
transfer to the TEM column. The high-resolution TEM cross-
section images obtained along the 100 zone axis of the
MgO substrate corresponding to the 110 direction of the
Fe layer due to the epitaxial relationship12 revealed that the
surface of the Fe bottom electrode is covered by pyramids
see Fig. 3. Such structures were previously observed by
different groups16,17 by STM, although not self-aligned.
These studies showed that the facets of the pyramids are
close to 012 planes, and this result was confirmed by
Monte Carlo simulations18 modeling the atomic current on
the Fe surface. In our experiments, the angle between the
plane of the layer and the facets of the pyramids was found
to be 25.6±1°  and is then very close to 012 planes, char-
acterized by an angle =26.6°. In both their experiments and
numerical simulations, Thurmer et al. also found that the size
of the pyramids should increase as a function of the Fe thick-
ness. But the 20 nm thick Fe layers we prepared showed no
evidence of any facets or pyramids on their surface indicat-
ing the pyramids disappear when the thickness of the elec-
trode is increased. Consequently, it seems that their growth
cannot be explained by simply taking into account the cur-
rent of atoms on the surface and another mechanism should
be invoked.
High-resolution transmission electron microscopy and
x-ray diffraction gave us an insight into the mechanism lead-
ing to the formation of the pyramids and emphasized the role
played by the strain in the Fe layer. In the case of a 8 nm
thick Fe bottom electrode, the diffraction patterns obtained
by TEM and x-ray measurements indicate that the strain due
to the lattice mismatch between Fe and MgO 3.6% is par-
tially relaxed. The in-plane and out-of-plane lattice param-
eters of Fe are, respectively, found to be a=0.292 nm and
a=0.280 nm the bulk lattice parameter is abulk
=0.2866 nm. Due to the epitaxial relationship between Fe
and MgO, the 110 interplanar distance of the Fe layer
r110=2a has to be compared to the MgO lattice parameter
aMgO=0.421 nm. We found that r110 takes an intermediate
value: 2abulkr110aMgO indicating the strain in the Fe
electrode is only partially relaxed. This partial strain relax-
ation leads to the formation of misfit dislocations with a
Burgers vector b=1/2r110. High-resolution TEM images
show that these dislocations are regularly arranged with a
mean distance = 7.8±2.6 nm. The mean distance L be-
tween two successive pyramids was also estimated from the
same images and was found to be identical to the separation
between two dislocations: L= 8.3±2.0 nm. A detailed
analysis of the high-resolution TEM cross section also re-
vealed that the misfit dislocations are systematically located
below the dip between two successive pyramids see Fig. 3.
It should also be noted that some dislocations were also
found at the interface between the Fe layer and the MgO
capping layer. These dislocations are due to the strain in-
duced by the capping layer and therefore appear once the
growth of the Fe layer is completed. They should then have
no major consequence on the morphology of the Fe layer. In
particular, we believe they are not responsible for the forma-
tion of the pyramids since a transformation from a flat sur-
face to pyramidal structures would lead to an unlikely huge
amount of mass transfer. The strain relaxation and the sub-
sequent introduction of misfit dislocations in the Fe layer are
therefore one of the driving mechanism for the formation of
periodical pyramidal structures.
The organization of the Fe particles deposited on the
MgO barrier covering the bottom electrode strongly depends
on the surface state of this electrode and especially on the
absence or presence of faceted structures. Figures 4a and
4b show the STM images of Fe particles deposited on top
FIG. 3. Color online High-resolution TEM image of a sample with the
structure MgO, 20 nm/Fe, 8 nm/MgO, 20 nm. Pyramids located at the in-
terface between the Fe layer and the MgO capping are indicated by red
arrows. The red  symbols mark the positions of the interfacial dislocations.
The inset shows a zoom of the dislocation enclosed in the red square.
FIG. 2. Color online Characteristic STM image of the surface of a Fe
8 nm thick bottom electrode. Self-aligned structures can clearly be seen.
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of a 0.7 nm thick MgO tunnel barrier for thicknesses of the
Fe bottom electrode of 20 and 8 nm, respectively. In both
these images, the Fe bottom electrode was annealed at
400 °C. According to the well-defined streaks of its RHEED
pattern, the 20 nm thick Fe bottom electrode does not in-
clude facets and the Fe particles subsequently deposited on
the MgO barrier are randomly organized Fig. 4a. On the
other hand, in the case of a 8 nm thick Fe bottom electrode
exhibiting self-aligned structures on its surface, the subse-
quently deposited Fe particles reproduce this self-alignment
along the same crystallographic directions see Fig. 4b. It
therefore appears that there exists a structural correlation be-
tween the Fe electrode and the particles through the MgO
tunnel barrier. This could be due either to the corrugation of
the MgO layer or to laterally modulated strain originating
from the presence of the underlying pyramids. As for the
self-aligned pyramidal structures observed on top of the Fe
bottom electrode, the self-alignment direction of the Fe par-
ticles deposited on top of the MgO barrier varies from 110
to 11¯0 depending on the observation area. From the STM
images, the size of these twofold-symmetry domains LC
was found to be a few hundreds of nanometers.
The self-alignment process is accompanied by a de-
crease of the mean size of the particles and an improvement
of their size distribution. Previous statistical analysis of ran-
domly distributed particles with a nominal thickness of
0.3 nm Ref. 12 led to a mean diameter of 3.0 nm and a
standard deviation of 42% the log-normal distribution of
randomly organized particles can be approximated by a
Gaussian when the nominal thickness is equal to or lower
than 0.3 nm. In the case of self-aligned particles, the mean
diameter and standard deviation of the gaussian distribution
are, respectively, 2.1 nm and 19%. Such a decrease of the
mean diameter was confirmed by the autocorrelation of the
STM image yielding an interparticle distance of
2.3±0.3 nm along the direction parallel to the alignment.
The size distribution of the self-aligned particles is then
much narrower than that of randomly organized particles.
This property could, for example, be used in spin dependent
single electron tunneling experiments since numerical simu-
lations indicate that the observation of the two first steps of
the Coulomb staircase and the associated TMR peaks is ex-
pected up to 77 K.
Fe nanoparticles were grown on top of a thin epitaxial
MgO layer. We demonstrated that their lateral organization
was controlled across the thin oxide layer by means of the
surface morphology of the underlying metallic electrode.
This surface morphology was found to be strongly dependent
on the thickness of the electrode and pyramidal structures
due to interfacial dislocations lead to the self-alignment of
the particles. Our samples may directly be used in devices
based on single-electron tunneling.
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FIG. 4. Color online STM images of Fe particles deposited on top of a
MgO tunnel barrier for different thicknesses telec of the Fe bottom electrode.
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